INTRODUCTION
============

The thymus is an essential immune system organ required for generating T lymphocytes, a developmental process that is maintained throughout adolescence and early adulthood but appears to progressively decline with advancing age ([@B1][@B2]). The Development of thymocytes are extremely sensitive to stress such as infections, the environment, and immunosuppressive treatments, including cancer, radiation therapy, and/or surgery, which can result in the apoptosis of developing thymocytes ([@B3][@B4][@B5]). Thymus atrophy induced by different types of stress is characterized by a reduction in thymus size caused by a sharp drop in thymocyte number, and reduced output of naïve T cells to the periphery ([@B6]). However, mechanisms that drive thymic involution are poorly understood. Moreover, there are no treatments available to either protect against thymic atrophy or accelerate recovery, thereby leaving the immune system compromised during various stress events.

We focused on ghrelin, a 28-amino acid hunger-stimulating peptide hormone, which plays a major role in the secretion of growth hormones and regulation of food intake ([@B7][@B8]). Ghrelin has been demonstrated to mediate a number of diverse biological functions both *in vivo* and *in vitro*, which extend beyond its effects on the central nervous system ([@B9][@B10][@B11][@B12]). For example, ghrelin has been shown to increase cell proliferation and inhibit *in vitro* apoptosis of a number of cell types including cardiomyocytes, endothelial cells, and enterocytes and several tumor cells ([@B7][@B13][@B14]). Ghrelin is now known to have a wide spectrum of effects on the endocrine, reproductive, and cardiovascular systems. It is expected that additional functions of this potent hormone will be identified given the wide, albeit quantitatively variable, distribution of GHS-Rs throughout a variety of tissues and cell types ([@B14][@B15]). Recent studies have also demonstrated that ghrelin affects thymic biology ([@B2][@B16]).

In the current study, we found that ghrelin partially reverses restraint stress-induced thymic involution and apoptosis *in vivo*. Specific analysis of the signaling pathways associated with the anti-apoptotic effects of ghrelin revealed that GHSR-1a-specific ligation results in the activation of the AKT and FoxO3a signaling pathways, as well as in the suppression of the cleavage of Bim, Caspase-3, and PARP on restraint stress-induced murine thymocytes. Ghrelin-mediated activation of these pathways results in enhanced T cell survival and recovery from restraint stress-induced thymic atrophy.

MATERIALS AND METHODS
=====================

Animals
-------

Six-eight-week-old male C57BL/6 (B6) mice were purchased from Orient Bio Inc. (Gyeonggi, South Korea), and all animal experiments were carried out after receiving approval from the Korea University Institutional Animal Care and Use Committee. The mice were housed 5 per group, divided into each of the cages in the animal laboratory, under a 12-hour light/dark cycle, at 22±1℃.

Restraint stress mouse model
----------------------------

We utilized a previously established restraint stress protocol with some modifications ([@B17]). Briefly, mice were injected intraperitoneally with 100 µg/kg of ghrelin or 10 mg/kg of mifepristone (Tocris Bioscience) in 0.5% carboxymethyl cellulose (CMC) (Sigma Aldrich) the day before the immobilization stress experiment (day--1). After 24 hr, mice were subjected to another ghrelin or mifepristone treatment 30 min before the start of the immobilization. Mice were then immobilized by placing them in disposable plastic restraints for 1.5 hr. This procedure was then repeated daily for 7 days. Animals were sacrificed by CO~2~ asphyxiation after completing the stress procedure. Thymus glands were removed from mice and were weighed.

Preparation of thymocytes
-------------------------

Thymocytes were isolated from extracted thymus tissue using a cell strainer with the plunger of a syringe. Cells were centrifuged at 1,200 rpm for 5 min and the supernatant was removed. The cell pellet was then washed once in cold PBS and cells were resuspended in cold Flow Cytometry staining buffer (eBioscience, San Diego, CA, USA). Total thymocytes were counted using the Z1 COULTER COUNTER (Beckman Coulter, Inc., Brea, CA, USA).

Cell apoptosis assay
--------------------

Thymic lymphocyte apoptosis upon restraint stress was measured using the Annexin V-FITC Apoptosis Detection kit (BD Bioscience, San Jose, CA, USA) and analyzed by Flow Cytometry (BD Bioscience). After inducting restraint stress as described above, restraint stress-induced thymocytes were stained with Annexin V-FITC and propidium iodide (PI) at room temperature for 15 min. Stained cells were analyzed by a BD FACS Canto II cytometry system with FlowJo software (v7.6.5, Tree Star, Inc., Ashland, OR, USA).

Immunoprecipitation and western blot analysis
---------------------------------------------

Cells were lysed with lysis buffer containing 20 mM HEPES, pH 7.5, 150 mM NaCl, 1% Nonidet p-40, 10% glycerol, 60 mM octyl β-glucoside, 10 mM NaF, 1 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride, 2.5 mM nitrophenylphosphate, 0.7 µg/ml pepstatin, and protease inhibitor cocktail tablet. For immunoprecipitation, lysates were mixed with an antibody against FoxO3a or 14-3-3 at 4℃ overnight, followed by the addition of 30 µl protein A or G-Sepharose beads for 3 hr at 4℃. After washing the immune complexes with PBS containing 0.05% Tween-20 (PBS-T) wash buffer at least three times, tubes were boiled in sample loading buffer and analyzed by western blotting. For western blotting, lysates were separated by SDS--PAGE and then transferred onto PVDF membranes. The membranes were blocked in 5% nonfat dry milk in TBS-T for 1 hr, and then incubated with the appropriate primary antibody at 4℃ overnight, followed by incubation with horseradish peroxidase--coupled secondary antibodies for 1 h. After washing, signals were detected using Luminata Crescendo Western HRP substrate (Merck Millipore, Darmstadt, Germany); then images were obtained using an ImageQuant LAS 4000 system (Fujifilm, Tokyo, Japan). The following antibodies were used: anti-Bim, anti-Bax, anti-BCL-2, anti-BCL-xL (Santa Cruz Biotechnology), anti-caspase-3, anti-PARP, anti-phospho-Akt, anti-phospho-FoxO3a, anti-FoxO3a, anti-phospho-Erk1/2, anti-phospho-p38, anti-phospho-MEK1/2 and anti-horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG, anti-horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG, and anti-horseradish peroxidase (HRP)-conjugated Actin (Cell Signaling Technology, Danvers, MA, USA).

Statistical analysis
--------------------

Statistical significance of observed differences (p value) was assessed by Student\'s t-test using SigmaStat Statistics in SigmaPlot (ver. 12, Systat Software Inc. San Diego, CA, USA).

RESULTS
=======

The effect of ghrelin on thymus weight, thymic cellularity, and lymphocyte subset in restraint-stressed mice
------------------------------------------------------------------------------------------------------------

Stress-induced thymic involution is characterized by reduction in thymus size caused by acute loss of thymocytes and thymus weight loss ([@B6]). As shown [Fig. 1](#F1){ref-type="fig"}, ghrelin treatment suppressed the decrease in both thymus weight and cell number resulting from immobilization ([Fig. 1A-C](#F1){ref-type="fig"}); in contrast, the PBS control group showed decreases in these parameters as expected. We next assessed the percentage of cortical thymocytes using flow cytometry. Ghrelin treatment significantly ameliorated the loss of thymocytes including double-positive cells (DP) during stress events ([Fig. 1D, E](#F1){ref-type="fig"}).

The protective effect of ghrelin on restraint stress-induced thymocyte apoptosis
--------------------------------------------------------------------------------

To evaluate the inhibitory effect of ghrelin on restraint stress-induced thymocyte loss, we tested whether ghrelin treatment could affect apoptosis using annexin-V and PI staining analysis. As shown in [Fig. 2](#F2){ref-type="fig"}, the percentage of apoptotic cells was significantly increased after restraint stress (white bar) compared with normal controls (black bar). However, when ghrelin was administered before restraint stress, the apoptotic rate was effectively reduced (p\<0.01). These data suggest that ghrelin effectively protects thymocytes from apoptosis during restraint stress events.

Ghrelin prevents stress-induced thymocyte apoptosis by inhibiting caspase-3 and the resulting PARP cleavage
-----------------------------------------------------------------------------------------------------------

To examine the molecular mechanism by which ghrelin suppresses apoptosis during stress-induced thymic involution, we next carried out western blotting on a panel of normal control and stress-induced thymocytes. As shown in [Fig. 3A](#F3){ref-type="fig"}, ghrelin decreased the cleavage of Bim, Caspase-3, and PARP1 in restraint stress conditions, whereas expression of Bax was not affected by ghrelin. Furthermore, the expression of anti-apoptotic proteins, Bcl-2 and Bcl-xL, did not appear to change upon restraint stress. Thus, we expected that ghrelin is directly affecting apoptotic signaling pathways.

Forkhead box O3a (FoxO3a) is an important regulator of cell apoptosis that upregulates pro-apoptotic proteins such as Fas ligand and Bim ([@B18][@B19]). Serine/threonine kinase Akt (PKB)-mediated phosphorylation of FoxO3a inhibits FoxO3a activity. This inhibitory phosphorylation of FoxO3a is associated with 14-3-3 sequestration, and this inhibition of FoxO3a transcription factors induces Bim expression ([@B19][@B20]). As expected, ghrelin treatment resulted in phosphorylation of S~473~-Akt and S~253~-FoxO3a in restraint stress-induced apoptosis ([Fig. 3B](#F3){ref-type="fig"}). These data indicate that ghrelin inhibits the activity of pro-apoptotic proteins by inhibiting the Akt/FoxO3a/Bim signaling pathway in restraint stress-induced thymocyte apoptosis.

Akt/FoxO3a/Bim signaling plays a critical functional role in anti-apoptotic effects of Ghrelin
----------------------------------------------------------------------------------------------

To determine the direct relationship between ghrelin and Akt/FoxO3a/Bim-dependent anti-apoptotic effects, we next examined the effects of ghrelin on the phosphorylation of FoxO3a, Akt, and mitogen-activated protein kinases (MAPKs) by western blot analyses using phospho-specific antibodies. Thymocytes were prepared from mouse thymus tissues, and re-suspended in RPMI 1640 supplemented with 10% heat-inactivated FBS (Hyclone) and 50 µM β-ME. As revealed by western blotting, the phosphorylation of Akt and MAPKs increased upon ghrelin treatment ([Fig. 4A](#F4){ref-type="fig"}), and the ghrelin-mediated phosphorylation of Akt and its downstream signaling molecules was significantly inhibited by Akt inhibitor IV ([Fig. 4B](#F4){ref-type="fig"}). These results support our previous data that ghrelin inhibits FoxO3a activity via Akt-dependent phosphorylation of FoxO3a. The results in [Fig. 4C](#F4){ref-type="fig"} reveal that ghrelin treatment significantly increased the level of FoxO3a phosphorylation at Ser253, Ser318/21, and Thr32.

Previous studies have demonstrated that the G-protein coupled growth hormone secretagogue receptor-1a (GHS-R1a) acts as binding partner for ghrelin ([@B7][@B21]). To evaluate whether this ghrelin receptor was highly involved in ghrelin-dependent Akt phosphorylation and its downstream signaling cascade to protect against apoptosis, we evaluated the effects of the selective GHS-R antagonist \[D-Lys3\]-Growth Hormone Releasing Peptide-6 (DLS). As shown in [Fig. 4D](#F4){ref-type="fig"}, \[D-Lys3\]-GHRP-6 markedly inhibited the phosphorylation of Akt, MEK1/2, and Erk1/2 induced by ghrelin in thymocytes. This indicated that the effects of ghrelin on Akt/FoxO3a signaling are dependent on GHS-R1a.

Ghrelin induces FoxO3a binding to 14-3-3
----------------------------------------

As mention above, Akt activation induces binding of FoxO3a and 14-3-3, which can affect the function of proapoptotic protein-producing transcription factors such as Bim ([@B20]). We thus tested whether ghrelin mediates the interaction between FoxO3a and 14-3-3 using immunoprecipitation analysis. As shown in [Fig. 5](#F5){ref-type="fig"}, ghrelin promoted the binding of FoxO3a to 14-3-3. These data showed that ghrelin offers a cell survival advantage by promoting binding of 14-3-3 to Akt-phosphorylated FoxO3a.

DISCUSSION
==========

In the present study, we observed that ghrelin exerts an inhibitory effect on restraint stress-induced thymus atrophy in mice. The application of ghrelin effectively controlled the stress-induced loss of thymus weight and thymocyte number loss or damage ([Fig. 1](#F1){ref-type="fig"}). These results indicated the physiological efficacy of ghrelin on the thymic involution employed in the present study.

In a previous study, we showed that ghrelin induced PI3K/Akt and Erk 1/2 phosphorylation, and these two signaling molecules play a role in lymphocyte activation and proliferation ([@B7]). Another group showed that activation of this pathway mediates ghrelin\'s inhibitory effect on endothelial cell apoptosis ([@B22]). Similar effects have been observed in cardiomyocytes, neuronal cell populations, 3T3-L1 cells, and several tumor cell types ([@B23][@B24][@B25]). Collectively, these data suggest that ghrelin is important for thymus homeostasis. However, conflicting data have been reported recently regarding the anti-apoptotic effects of ghrelin in different cell types such as colon adenocarcinoma and human umbilical vein endothelial cells ([@B26][@B27]).

Our present findings suggest that ghrelin reduced the apoptosis of thymic murine T cells upon *in vivo* ([Fig. 2](#F2){ref-type="fig"}) and *in vitro* ([Fig. 3](#F3){ref-type="fig"}) ghrelin administration, which is mediated by phosphorylation and inactivation of FoxO3a by Akt and Erk ([Fig. 4](#F4){ref-type="fig"}). FoxO3a, an important transcription factor that contributes to FasL- and Bim-induced apoptosis ([@B18][@B19][@B20]), is a downstream target of Akt and is negatively regulated by several upstream kinases including Akt and Erk ([@B28]). FoxO3a binds the adapter protein 14-3-3 upon Akt phosphorylation, which disrupts the trafficking of FoxO3a into the nucleus ([@B29]). This role of 14-3-3 protein is essential for cell survival and suppresses apoptosis from diverse stimuli. Interestingly, our results conclusively showed ghrelin-mediated inhibitory phosphorylation of FoxO3a and direct binding to 14-3-3 ([Fig. 5](#F5){ref-type="fig"}).

Overall, our data provide a more comprehensive view of ghrelin\'s effects on acute stress-induced thymus atrophy. This protective effect suggested that ghrelin may be a beneficial therapeutic agent in clinical settings of immune reconstitution.
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![Experimental design and the result of behavioral assessments. (A) A diagrammatic representation of the experimental schedule. Mice were treated with ghrelin and mifepristone from D-1 to D+6 30 min before restraint stress. Mice were immobilized for 1.5 hr daily over a period of 7 days. (B, C) The weight of thymus (mg) and thymus cell numbers were measured at D+7 of restraint stress. (D, E) Percentage of thymic lymphocyte populations in the thymus after restraint stress. Flow cytometry plot (C) showing the gating strategy for thymocyte subsets. DN, double-negative; DP, double-positive; CD4SP, single-positive CD4; and CD8SP, single-positive CD8 thymocytes, respectively. Each bar represents the mean±SEM from 10 animals per group. ^\*^p\<0.05, ^\*\*^p\<0.01 for control (--STR) versus stressed (+STR) groups; ^\#^p\<0.05, ^\#\#^p\<0.01 for stressed (+STR) groups.](in-16-242-g001){#F1}

![The thymic protective effects of ghrelin upon restraint stress. (A, B) Flow cytometry scatter plots for thymic cells from one control (left) and one stressed (right) mouse. (A) Total cells, (B) CD4/CD8-double positive cells.](in-16-242-g002){#F2}

![Effects of ghrelin treatment on the levels of apoptosis-related 14-3-3-sequestered proteins in restraint stress-induced thymic apoptosis. (A, B) Cell lysates were obtained from control (--STR) versus stressed (+STR) thymus tissues, and were subjected to western blot analysis with indicated antibodies. Actin was used as a loading control.](in-16-242-g003){#F3}

![Effect of ghrelin on the phosphorylation and activity of Akt and Akt-mediated downstream molecules in thymocytes. Cells were stimulated with 100 nM ghrelin for the indicated times. Lysates were assayed by immunoblotting with the indicated antibodies. β-actin was used as the loading control. (A) Tyrosine phosphorylation of Akt, Erk1/2, and p38 upon ghrelin stimulation. (B) Inhibitory effects of Akt inhibitor IV. Cells were pretreated with Akt inhibitor IV for 30 min as indicated, followed by stimulation with 100 nM ghrelin for 15 min. (C) Effects of ghrelin on the phosphorylation of Akt and FoxO3a. (D) Effects of Ghrelin receptor inhibitor (\[D-Lys-3\]-GHRP-6) on ghrelin-mediated Akt and MAPK activation. Cells were stimulated with 20 µM \[D-Lys-3\]-GHRP-6 and/or 100 nM ghrelin for 1 hr.](in-16-242-g004){#F4}

![Effect of ghrelin on the binding of FoxO3a to 14-3-3 upon restraint stress-induced thymic apoptosis. (A, B) Cell lysates were obtained from control (--STR) versus stressed (+STR) thymus tissues, then immunoprecipitated with FoxO3a (A) or 14-3-3 (B). The immune complexes were subjected to western blot analysis using the indicated antibodies.](in-16-242-g005){#F5}
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